Carbon (C) budgets of Ontario's forest ecosystems for the period 1920-1990 were calculated using the Carbon Budget Model of the Canadian Forest Sector (CBM-CFS2). Results show that total forest biomass C in Ontario increased from 1.83 Pg (10 15 g) to 2.56 Pg between 1920 and 1970, then decreased to 1.70 Pg by 1990. Carbon in soil and forest floor dead organic matter (DOM) increased from 8.30 to 11.00 Pg between 1920 and 1985 but decreased to 10.95 Pg by 1990. Ontario's forest ecosystems acted as a C sink sequestering 41-74 Tg (10 12 g) C per year from 1920 to 1975, but became a C source releasing 7-32 Tg C per year (5-year average) after 1975. Disturbances (fire, insects and harvesting) enhanced both direct and indirect C emissions, and also affected average forest age and C sequestration. Net primary production (NPP), net ecosystem production (NEP), and net biome production (NBP) were affected by both disturbances and average forest age. Forests in the boreal (BO, 62.66 M ha), cool temperate (CT, 7.77 M ha) and moderate temperate (MT, 0.20 M ha) regions had different C dynamics. However, boreal forests dominated Ontario's forest C budget because of the large area and associated C stock. Detailed C budgets for 1990 were also analyzed. The average forest ages in 1990 were 36.2 years for BO, 43.4 years for CT, and 92.1 years for MT regions, respectively. The total C stock of Ontario's forest ecosystems (excluding peatlands) was estimated to be 12.65 Pg, including 1.70 Pg in living biomass and 10.95 Pg in DOM and soil. Average C density was 179 Mg ha À1 (10 6 g) (24 Mg ha À1 for biomass and 155 Mg ha À1 for DOM and soil). The total net C balance (excluding harvest removal) was À31.8 Tg. NPP, NEP and NBP were 267.6, À28.2 and À40.6 Tg per year, respectively. The young age (36.2) of Ontario's boreal forests indicates a great potential for C sequestration and storage. Roughly 1 Pg C could be sequestered with a 10-year increase in forest age. A less severe disturbance regime and/or higher NPP would convert Ontario's forest ecosystems back to a C sink. #
Introduction
Carbon dioxide (CO 2 ) is a major greenhouse gas (GHG) and its concentration in the atmosphere has been increasing steadily since the beginning of its measurements in 1958 (Keeling et al., 1989) . Because forests and forest soils have large capacities both to Forest Ecology and Management 169 (2002) [103] [104] [105] [106] [107] [108] [109] [110] [111] [112] [113] [114] store and release carbon (C) (Cannell et al., 1992; Dixon et al., 1994) , detailed forest ecosystem C budgets are helpful for C management.
Under the Kyoto protocol, Canada has agreed to reduce its GHG emissions by 6% by 2010 from the 1990 level. With 38% of Canada's population and 17% of Canada's forestland, Ontario plays an important role in Canada's C budget. Ontario needs to investigate its C budget in detail and report on its C sinks and sources to help meet the national commitment. For this reason, the Ontario Ministry of Natural Resources (OMNR) has developed a strategic approach to the design and implementation of climate change programs (Colombo et al., 1998; OMNR, 1999) .
In the past two decades, C budget studies have become increasingly more important, particularly in the areas of climate change, land use, and sustainable forest management. Several global and international C budget studies have been implemented in the past decade (Brown et al., 1993 (Brown et al., , 1996 Winjum et al., 1992 Winjum et al., , 1993 Dixon et al., 1994; Houghton, 1996) . National scale C budgets have also been studied in many countries, for example, Canada (Kurz et al., 1992; Kurz and Apps, 1999) , United States (Delcourt and Harris, 1980; Turner et al., 1993 Birdsey and Heath, 1995) , New Zealand (Hollinger et al., 1993) , the former Soviet Union (Vinson and Kolchugina, 1993; Krankina and Dixon, 1994) , Finland (Kauppi et al., 1992; Kauppi, 1997) , Brazil (Schroeder and Winjum, 1995a, 1995b; Schroeder, 1996) , Spain (Murillo, 1997) , Australia (Gifford, 1992; Gifford and Barson, 1992) , China (Wang, 1999) , Sweden (Eriksson, 1991) , and Britain (Cannell and Milne, 1995) . However, only a few studies have reported provincial C budgets (Kurz et al., 1996b; Peng et al., 2000) .
Carbon budgets are generally quantified using a C budget model or calculated from a forest inventory database (Brown et al., 1996) . The model approach is usually used when incomplete inventory data are available, especially for historic C budget analyses. A C budget model's framework is usually based on the basic structure and function of major ecosystems for C pool and flux.
The Carbon Budget Model of the Canadian Forest Sector (CBM-CFS2) is a well-established model that has already been applied at national (Kurz and Apps, 1995 , 1999 , provincial (Kurz et al., 1996b) , and forest management unit scales (Price et al., 1996 (Price et al., , 1997 Kurz et al., 1998) . We investigated the 1920-1990 C budget of Ontario's forest ecosystems using this model. The objectives of this study were to (1) calculate the C stocks and fluxes of Ontario's forest ecosystems in 1990, (2) represent and analyze the effect of past disturbances on the C budget dynamics in Ontario's forest ecosystems and (3) identify the uncertainties, gaps, and future challenges of fully quantifying the dynamics of Ontario's forest C budget.
Materials and methods

General model description
The CBM-CFS2 is a stand and landscape-level model of C dynamics in biomass and dead organic matter (DOM) C pools. It considers six biomass C compartments and four DOM C compartments (Fig. 1) . The DOM C pools include coarse woody debris, surface litter and soil C. Carbon dynamics are simulated by accounting for forest growth, biomass allocation, litterfall, tree mortality, DOM decomposition and emissions, and the impacts of disturbances on ecosystem C transfers and releases to the atmosphere.
The CBM-CFS2 model is designed to investigate C budgets using forest inventory data and can be applied at spatial scales from stands to all of Canada. Forest inventory data used in this study were derived from the National Forest Biomass Inventory database (Bonnor, 1985) . Model inputs include area, forest type, forest age, site condition, disturbance statistics, including harvesting and natural disturbances, and management activities such as planting. Model outputs include the C stocks and fluxes of the forest ecosystem. The model also uses the Oak Ridge National Laboratory (ORNL) soil data for initialization, and historic disturbance data for simulation of the initial DOM C pools .
Simulations were run for the period 1920-1990 using a 5-year time step. The initial forest age class structure in 1920 was estimated from the forest inventory data for 1970 and the disturbance history between 1920 and 1970 using an iterative approach. The details of the procedure implemented to estimate the 1920 age class structure are described and discussed by Kurz and Apps (1999) .
Ecoclimatic regions of Ontario and spatial units in the CBM-CFS2
Based on the national classification of ecoclimatic provinces (Ecoregions Working Group, 1989) , Ontario is divided into four ecoregions: sub-arctic (SA), boreal (BO), cool temperate (CT), and moderate temperate (MT) (Fig. 2) . These regions are represented as spatial units in the CBM-CFS2. The SA region has no forests in the inventory. The other three regions are further classified into 45 forest ecosystem types using inventory classifiers such as land class, productivity, stocking, forest type, and site quality. Each forest ecosystem type is further divided by forest age classes (at 5-year intervals) for C budget accounting. Although the area and characteristics of forests within each spatial unit is known from the inventory, the spatial locations of forest ecosystem types or age classes within each spatial unit are not tracked.
Forest growth, litterfall, tree mortality, and soil carbon dynamics
In the CBM-CFS2, forest biomass growth is simulated using four-phase (i.e., regeneration, immature, mature, and over-mature) growth curves. The growth curves were developed from forest biomass inventory data (see Kurz and Apps, 1999) , and are specific to each spatial unit and forest ecosystem type. Annual tree biomass increment (or growth rate) is defined by the growth curve.
A pair of tree growth curves (one each for hardwood and softwood species) is associated with each forest ecosystem type. Forest ecosystem types are classified by administrative province, ecoclimatic province, land class, productivity, forest stocking, forest type, and site quality. Currently, 45 forest ecosystem types with 90 growth curves are used for Ontario. Biomass growth of a stand depends on the growth curve (which is selected based on the ecosystem type) and the stand's age. The biomass pool is the net accumulation of annual biomass growth (before disturbance) deducting the biomass lost through disturbances.
Living biomass of each softwood and hardwood component in each forest type is divided into six components: foliage, branches and tops, sub-merchantable stems, merchantable stems, fine roots, and coarse roots. Each aboveground component has a specific biomass allocation ratio that expresses its proportion of the whole tree biomass. Belowground biomass (coarse and fine roots) was estimated using regression equations developed by Kurz et al. (1996a) .
Annual litterfall from living tree components is determined by litterfall rates. In the boreal region, for example, annual litterfall rates for softwood foliage, hardwood foliage, stemwood, branches, and coarse roots are 0.05, 0.95, 0.006, 0.03, and 0.02 of the corresponding biomass pool, respectively. Forests may become over-mature after forest stands keep maintaining their highest biomass (the mature state) for some years (by default 10 years). Unless inventory data indicate no stand-break up in over-mature stands, biomass pools decrease at a rate defined from the inventory data, or at a rate of 2% per year for hardwood species and 1% per year for softwood species. When the biomass of the over-mature forest drops to 20% of its mature-phase biomass, the forest is reset to the immature growth phase and growth resumes at the rate defined in the growth curve.
The DOM pools in soil are divided into four subpools characterized by their turnover times: very fast, fast, medium, and slow (Fig. 1) . These pools receive C through litterfall, tree mortality, and disturbance. The very fast pool receives C from foliage and fine roots. The fast pool receives C from branches/tops, sub-merchantable parts, and coarse roots. The medium pool receives C from merchantable stems. The slow pool represents humus and receives decomposed C from the other three soil pools. Each pool has a different decomposition rate that is modified according to the mean annual temperature of each spatial unit (Kurz et al., 1992) . At the time of disturbance, C transfer among C pools, releases to the atmosphere and transfers to the forest product sector are determined by disturbance matrices that are specific to ecoclimatic provinces and disturbance types. Biomass allocation ratios, litterfall ratios, soil decomposition ratios, and disturbance matrices were derived from various published and unpublished sources (Kurz et al., 1992; Kurz and Apps, 1999) .
Disturbances
The CBM-CFS2 explicitly identifies seven types of disturbances: wild fire, insect-induced stand mortality, clearcutting, clearcutting with slash burning, salvage logging following fire, salvage logging following insect-induced stand mortality, and partial cutting. For each spatial unit, seven specific disturbance matrixes are provided to account for related C transfers (Kurz et al., 1992) . Stand-replacing disturbances interrupt normal stand development and move the stand into the regeneration stage.
For retrospective simulations, the area disturbed at each time step is an input variable to the model. When a disturbance occurs, the model first selects the forest records (representing a particular forest ecosystem type, age and disturbance history) for areas that are eligible for a particular disturbance, and then applies rules to select records from the list of those eligible for this disturbance. A disturbed record is usually divided into two parts. The unaffected portion updates the original record in the database except that its area has changed. The disturbed portion switches to a new age class, usually the beginning of regeneration, and forms a new record. New records are thus formed in every time step. For record management, records with similar characteristics can be merged based on user-defined criteria, in which case the area-weighted content of each pool is calculated (Fig. 3) .
Forest ecosystem productivity
Net primary production (NPP), net ecosystem production (NEP), and net biome production (NBP) are indices that describe the functionality of ecosystems (when we consider ecosystem at a large regional level such as Ontario, we can use NBP for ecosystem, although biome is defined as a higher level than ecosystem). In this study, NPP was calculated as annual ecosystem biomass increment plus annual litterfall (before disturbances). NEP was calculated as NPP minus soil C emissions, representing the net C balance of forest ecosystems (before disturbance). NBP was calculated as NEP minus harvest removals and direct C emissions caused by disturbances.
Results
Historic carbon budgets
Historic C budgets were simulated at 5-year intervals from 1920 to 1990. In the BO and CT regions, average forest age declined during 1940-1950, and 1970-1990 . Forest age fluctuations had more obvious relationship to harvest than to forest fire and insect disturbances (Fig. 4) . Harvests in the BO and CT regions were usually clearcutting and clearcutting with slash burning. As harvested area increased, average forest age decreased. With lower harvesting activity and lower fire/insect disturbance, the average forest age in the CT region increased during 1985-1990. In the MT region, fire and insect disturbances were much lower than BO and CT regions. Relative harvested areas in MT region were higher than that in BO and CT regions, but harvesting was mainly through partial cuttings during the study period. The forest age of the MT region increased steadily since the 1920s.
NPP of forest ecosystems fluctuated with forest age. During the study period, NPP ranged from 3.55 to 4.77 Mg C ha À1 per year ð1 Mg ¼ 10 6 gÞ for BO, 4.82-6.54 Mg C ha À1 per year for CT, and 5.40-12.00 Mg C ha À1 per year for MT regions (Fig. 5) . NPP outputs indicate that forests in southern Ontario had higher productivity than forests in northern Ontario. NEP and NBP of the BO and CT regions were usually around 1.0 Mg C ha À1 per year before 1975, but decreased significantly after 1975 and even became negative after 1975 due to disturbances.
Carbon emission was strongly influenced by disturbances, especially the transfer rate of biomass C into DOM C following disturbance. Direct C emission under a disturbance (i.e., combustion during a fire and insect respiration in insect disturbances) was less than indirect C emission produced by the decomposition of the additional biomass transferred to DOM pools by a disturbance. Indirect C emissions caused by disturbances were not immediately reflected in the estimates because of a time lag from DOM pools through the slower processes of decomposition. In the BO region, the C budget changed from a sink of 61.1-31.6 Tg C per year during the first decline of forest age (1940) (1941) (1942) (1943) (1944) (1945) (1946) (1947) (1948) (1949) (1950) . During the second decline of forest age , the C budget decreased from a sink of 44.1 Tg C per year to a source of À31.4 Tg C per year. Similar trends were also found in the CT region (Fig. 6 ). Fig. 7 shows the dynamics of biomass C and DOM C in Ontario's forests. The biomass and DOM C of boreal forests were related to average forest age. DOM C stock increased with average forest age. When forest age decreased, DOM C stock slowed their increase or began to decline.
In general, forests in the CT region showed dynamics similar to that of the boreal forests. However, forests in the MT region did not experience age declines (i.e., no heavy disturbances) and continued to accumulate C along with increases in NPP, NEP, and C emissions. The CT region maintained a positive NBP (C sink) over the study period and remained more productive (at a more mature forest age) than BO and CT regions.
1990 carbon budget
The year 1990 is the base reference year for the Kyoto protocol. The end point of our simulation was Fig. 7 . Historic biomass carbon and soil carbon stocks in Ontario's forests. Fig. 6 . Carbon budgets of Ontario's forest ecosystems. the end of 1989 or beginning of 1990. Since the model's input and output used a 5-year time step and since we did not have properly prepared data for simulation after 1990 at the time of this study, we used the last 5-year's model outputs to estimate the closest C budget of 1990. General forest C related features of Ontario's forests in 1990 are provided in Table 1 .
Carbon stocks
Biomass and DOM C stocks in the BO, CT, and MT regions in 1990 are shown in Table 2 . Biomass C stocks were estimated to be 12.1, 22.8, and 44.4% of total ecosystem C stock in each region for BO, CT, and MT, respectively, showing an increasing gradient of biomass C from north to south. The six biomass components had similar C percentages within the ecosystem, except in the MT region where sub-merchantable biomass was very low. This indicates that the MT forest ecosystem had fewer young and immature trees at the time.
Among the three regions, the percentage of fast plus very fast DOM C was 16.3% for BO, 17.3% for CT, and 20.5% for MT. The slow DOM pool in each region accounted for 71-78% of total DOM C, representing the largest C pool in each region.
Carbon fluxes
The overall C flux and stocks of Ontario's forest ecosystems are shown in Fig. 8 . The total net C sequestering through forest growth (NPP) was estimated at 267.6 Tg C per year ð1 Tg ¼ 10 12 gÞ. Carbon uptake by BO, CT, and MT regions was 83, 16, and 1% of the total C uptake in Ontario, respectively. About 299.4 Tg C per year (including direct C emission) was released to the atmosphere. Carbon release from BO, CT, and MT regions was 85, 14 and 1% of the total C emissions in Ontario, respectively.
The NEP of the overall forest ecosystem was À28.2 Tg C per year. NBP was À40.6 Tg C per year (including all disturbances). The net balance of C sequestration and emission was À31.8 Tg per year (not including harvest removal), indicating Ontario's forest ecosystems were a net C source in that year. The C balance of individual regions indicated that BO was a C source with À31.5 Tg C per year net emission, CT was a source with À1.1 Tg C per year, and MT was a C sink with 0.7 Tg C per year. However, these figures do not account for C storage or emission from the forest products sector or in peatlands.
For Ontario's forests in 1990, the net biomass C increment before disturbance was 42.5 Tg C per year, and the net DOM C increment before disturbance was À70.7 Tg C per year. Thus, 1-year's C loss required almost 2 years of forest growth to compensate.
Age class structure
In 1990, the BO and CT regions had similar age class structures (Table 3 ). The average forest age was only about 40 years, indicating that forests in the BO and CT regions were quite young. In contrast, average forest age in MT region was about 90 years. Forests in the MT region were mostly hardwood species managed on shelterwood or selection system and not subject to major stand-replacing disturbances. Forests under 40 years occupied only 1% of the forest area of MT region, while in BO and CT regions they occupied 55 and 46%, respectively.
Discussion and conclusions
The average total C density estimated for 1990 (179 Mg C ha À1 ) was less than a statistical result from a northern Ontario study that showed a mean C density of 263 Mg C ha À1 around late 1980s (Johnston and Uhlig, 2000) . Johnston and Uhlig used the data from Forest Ecosystem Classification System (FEC) that resulted in a much higher biomass C density than forest inventory data because the FEC's focus is on mature forest stands over 40 years of age (Johnston and Uhlig, 2000) . The CBM-CFS2 accounts for all forest age classes and thus yields a lower average C density. Additional reasons for this discrepancy may include: (1) the CBM-CFS2 model results in this study include all of Ontario's forestlands and thus contain both productive forests and less productive forested areas where both biomass and soil DOM C may be lower than FEC's sample data; (2) the CBM-CFS2 model considers harvesting as a major disturbance that influences C stocks and fluxes, while FEC data come from plots that have not been subjected to harvesting disturbances. Therefore, we think that the results from the CBM-CFS2 model may be more realistic estimations of the C stock and flux for Ontario's forests. However, the effects of forest age, site productivity and disturbances on forest carbon density warrant further detailed investigation. For example, we can develop a subset of CBM-CFS2 data records that are more similar to sample data used by Johnston and Uhlig and compare biomass C and soil DOM C separately for the results produced using the two different methods.
Although the potential future forest C sequestration and C stocks in Ontario could not be calculated at the time of this study, a rough estimate can be made based on historical C dynamics. In the BO region, for example, average forest age increased from 45.2 years in 1920 to 55.2 years in 1940 and C stocks ðbiomass þ DOMÞ increased from 9.08 to 10.15 Pg during the same period. That amounts to an annual increment of 0.05 or 0.1 Pg C for each 1-year increase in average forest age. Similarly, for the period 1950-1970, the average forest age increased from 49.9 to 55.2 years and C stock increased from 10.67 to 11.36 Pg, a 0.035 Pg C annual increment or 0.13 Pg C for 1-year increase in average forest age. Therefore, decreases in the frequency of stand-replacing disturbances and the subsequent increase in the average age of immature stands will increase the C density and sequestration of the forest. This result demonstrates that the age structure of the forest ecosystems is a key factor in determining the carbon sequestration capacity of Ontario's forests, suggesting that provincial wide planning and monitoring of forest age distribution may be necessary in order to enhance and/or maintain the C storage and sequestration in Ontario's forest ecosystems. Our results suggest that active forest management and protection can play a significant role in controlling the carbon sequestration and storage in Ontario's forests. This study shows that Ontario's forest ecosystems became a C source in the 1980s (À31.8 Tg per year in 1990). This conversion from carbon sink to carbon source was associated with the obvious declines of NEP and NBP that occurred after 1975, forest fires between 1975 and 1985 (Perera et al., 1998) and the subsequent decline of forest age and NPP. Currently intensive forest management practices are being evaluated as strategic mitigation options to enhance forest C sequestration and offset C emissions (e.g., tree improvement, fertilization, changes in rotation length, stocking control and thinning, appropriate harvest method, protecting against fire, insects and disease) (Colombo et al., 1998) . This study suggests that several areas of the CBM-CFS2 need to be improved and/or studies in order to use it to more accurately evaluate the impact of climate change on the carbon storage and sequestration in Ontario's forests. The CBM-CFS2 is a general C accounting framework suitable for C budget calculations at several spatial scales. Sensitivity analyses were previously conducted . At present however the CBM-CFS2 does not adequately represent the effects of future climate change on C budgets because forest growth rates used in this analysis are derived from empirical growth curves that reflect past forest growth. Future improvements to the model should include more locally defined growth curves and parameters. A model of forest product C budgets has been developed and tested . Models of the C budget for forested peatlands are also under development. With more data and parameters supporting the framework, further validation and application can be expected.
